End-diastolic volumes, stroke volumes, and ejection fractions determined in quick succession by the fiberoptic indicator-dilution technique and the angiocardiographic method were compared in 63 patients with various disorders, aged 6 weeks to 58 years. The calibration methods are discussed in detail.
LEFT VENTRICULAR VOLUMES may be measured by a variety of methods. Since 1955, the direct method, employing the use of rapid biplane angiocardiography or cine-From the Cardiopulmonary Laboratory, Children Although some question exists as to the reliability of the determination of end-systolic volume (ESV), values for either end-diastolic volume (EDV) or for stroke volume (SV) have agreed well with those obtained by other methods.2 68 However, the angiocardiographic method is time consuming, involves the use of expensive equipment and material, and does not lend itself to observations during rapidly altering hemodynamic states. Since the work of Bing and associates9 and Holt'0 in the early 1950's, indirect methods based on the principle of rapid sensing of the wash-out of indicator substances have also been utilized. Of these, the thermodilution method with a thermistor as sensor has been most widely employed clinically.' 1-3 The theoretical considerations underlying this method have recently been reviewed by Holt14 and studied in a cardiac model by Salgado and Galletti. '5 In 1965, our group reported the application of fiberoptics to the virtually instantaneous sensing of stepwise changes in the concentration of indocyanine green in the aortic root after injection in the left ventricular cavity. 16 Indirect methods appear to be particularly useful in the determination of intracardiac volumes during rapidly changing conditions that may occur during administration of pharmacological agents or during exercise.
Reported results for EDV obtained by either the angiocardiographic or the indicatordilution method have shown wide variation. [11] [12] [13] 17 This led Carlton and co-workers18 to investigate both methods in the same animal. Their results were obtained with a polarographic method and led them to voice strong criticism against the assumptions underlying the indirect methods. However, except for the study of Bartle and Sanmarco'9 on patients with acquired heart disease employing thermodilution techniques, no systematic investigation into the correlation of angiocardiographic and indirect methods for EDV or ESV within human subjects has thus far been published.
It is the purpose of this study to report the results of a new indicator-dilution method, utilizing indocyanine green as the indicator and a reflectometer with a fiberoptic catheter as the sensor. The subjects included in this study consisted of 63 patients of all ages with a variety of mild as well as severe forms of congenital and acquired heart disease. It was felt that in this fashion the widest possible range of intracardiac volumes could be studied. To compare the indicator-dilution method with the angiocardiographic method, EDV, ESV, and SV were also determined from biplane films by the area-length method of Dodge and associates. 17 In 33 of the patients and in 14 others in whom no fiberoptic curves were available, a comparison was made on the same films between the area-length method and Arvidsson's technique. 4 Although the latter method has a greater standard error of estimate for calculating LV volume, it permits a quick and easy assessment of angiocardiographic volume and for this reason continues to be employed in several centers in this country and abroad. Since in our study we were dealing largely with children and young adults (52 of the 63 subjects were less than 20 years of age), it was considered that a further analysis of this controversy might be fruitful in this particular age group.
Methods
Sixty-three consecutive patients in whom left ventricular biplane angiocardiograms were recorded as part of right and left heart catheterization for clinical purposes were selected for this study. Forty-one were male, 22 were female. Their ages ranged from 6 weeks to 58 years. Twenty-three had aortic stenosis (AS) of varying types (six with some regurgitation), eight had aortic regurgitation (AR) as their predominant lesion, and five had mitral regurgitation (MR). Eight had lesions mainly affecting the right side of the heart (atrial septal defect [ASD, secundum type] or pulmonic stenosis [PS] ), while five had a ventricular septal defect (VSD). Eleven patients had a variety of disorders affecting the left ventricular myocardium (chronic myocarditis or myocardiopathy, six; arteriosclerotic heart disease, two; and coarctation, three). Three had no gross heart disease, but left bundle-branch block (LBBB), anemia, or no significant heart disease (NSHD) (table 1A and B).
Circulation, Volume XXXVII, April 1968 490 DETERMINATION OF LEFT VENTRICULAR VOLUME Indocyanine green, mixed with albumin and distilled water in a concentration of 3 mg/ml, was injected into the midcavity of the left ventricle of each patient through a 6F to 9F side-hole catheter. In the early part of the study several sites in the left ventricular cavity were used for injection. Because of varying results it was decided to select a point approximately midway between the apex and the bottom of the outflow tract. This point was reached by a catheter passed in retrograde fashion from the aorta in all but three patients. In these three subjects, the transseptal approach was used. In 22 of the 63 patients the injection was carried out with a power injector (Cordis); in all others the injection was done by hand. One milliliter of the indocyanine-green mixture was placed by means of a volumetric pipette in the flexible tubing connecting the injection syringe with the left ventricular catheter. Five milliliters of 0.9 normal saline were then injected to flush the catheter system of the dye and to allow delivery of the indicator as a bolus. Between 200 and 400 pounds/inch2 (psi) injection pressure was applied, but it was reduced toward 200 psi whenever the injection resulted in premature ventricular contractions.
When power injection was used, a variable delay between the peak of the R wave in the electrocardiogram and the time of the injection was chosen. The amount of delay depended on the heart rate and varied from 150 to 300 msec. This permitted delivery of the mixture within the second two thirds of diastole in all 22 cases so studied. In seven of the 41 patients on whom injection was carried out by hand, a time marker indicated that the dye bolus was delivered within one diastole. In the remainder (34 of the 63 patients) the injection occurred during various parts of diastole, systole, or both.
A no. 6 fiberoptic catheter (either with a Children's Hospital Medical Center cage tip or with an open-ended cage) was placed in the ascending aorta in all patients. Care was taken by repeated fluoroscopic observations to position the tip about 2 cm above the aortic valve and toward the anterior wall of the aorta so that it was within the direct path of the blood ejected from the left ventricle. Exact placement of the catheter is essential as a position in the sinus of Valsalva or higher in the aortic root might lead to significant admixture of blood in the ascending aorta with the ejected volume. To confirm this point, sampling was carried out within the left ventricular cavity just below the aortic valve and along the aortic wall outside the direct ejection path in a few patients.
The ratio of the intensity of the reflected lights at wavelengths of 805/910 my was com-Circulation, Volume XXXVII, April 1968 puted instantaneously, and a continuous record was kept of the appropriately amplified signal. All tracings, including pertinent recordings of simultaneously occurring hemodynamic events, were recorded photographically at a paper speed of 25 mm/sec on a Sanborn 550 recorder. An average of eight curves was obtained in quick succession and usually at varying heart rates. At least six, frequently more than 15, curves were available for study in a given patient. Since heart rates varied often between the fiberoptic curve recordings, the one with a heart rate most closely approximating that occurring during biplane angiocardiography was selected for comparative analysis. WVhen heart rates differed more than five beats, the curve written closest in time to the angiocardiogram was chosen.
Calibration of Curves
Calibration of the curves was carried out after the catheterization was terminated. A sample of 3 ml of arterial blood was placed in a cuvette with a magnetic stirrer. The tip of the fiberoptic catheter was placed in the blood-filled chamber and small aliquots (3/1000 ml) of the same dye mixture that was utilized in the patient were added to the blood. A 701 N microliter syringe* was employed for this purpose. After mixing had taken place in the agitating chamber, the deflection from the base line was recorded. As many aliquots as needed were added to obtain a dye concentration equal to that existing at the peak of the indicator-dilution curve. The results were plotted as a function of the injected dose. Cardiac output was then calculated as: Cardiac output (L/min) -_60 figure 1B that the concentration during the systolic phase of ejection is slightly lower than in diastole. This phenomenon was seen in a small number of the curves and suggests that there is additional mixing in the aortic root. However, the ratio of steps appears largely unaffected (see text). In this patient (with VSD and MR, fig. 1C ), the small difference in EDV by angio in fig. IC and B is explained by the fact that for comparisons EDV was averaged. Luthy's method of calculating EDV by FO was employed. Since the rapid response time of the fiberoptic reflectometer (95% in 0.1 sec) permits the recognition of stepwise increases and decreases of the indicator ( fig. 1 ), a given indicator-dilution curve permits the calculations not only of forward stroke volume (FSV) but also of EDV. EDV was calculated by two techniques discussed recently by Holt.14 Technique A (Luthy20) Technique A, originally introduced by Holt and further described by Luthy,20 is based on the definition:
where Q = the injectate in ml x the calibration deflection (expressed in mm), C1 -the deflection of the first step after injection (expressed in mm), measured at the time when the QRS complex was inscribed.
This technique was employed in 29 patients for whom the injectate was timed to be injected in the second two thirds of diastole. EDV in patients with mitral regurgitation was calculated by this method only (table 1, cases 23, 24 Cn where C11 and Cfl+, reflect the dye concentration in the aortic blood at step n and n + 1, respectively, and FSV is the forward stroke volume. It was measured simultaneously with the inscription of the QRS complex. This technique was utilized in all patients except those with mitral regurgitation.
Starting with the first clearly distinguishable step on the downslope of the curve, usually the second beat after the peak of the curve was inscribed, the ratio Cn was determined for three to five and by Holt's method (ratio of three or more successive steps and random injection). successive beats, depending on the heart rate, and an average derived. 1-Cfl±l reflects the cn ejected fraction (EjF). End-systolic volume (ESV) was derived by subtraction (EDV -FSV = ESV) in all instances in which no valvular regurgitation was present. Because EDV by techniques A and B could be calculated repeatedly in the same patients, 40 instances were available for comparison after power injection and 39 after hand injection ( fig. 2 ). Angiocardiograms Biplane angiocardiograms were obtained at 6 or 12 frames/sec and timed with respect to the heart cycle. An average of 20 exposures were made, enabling the study of at least three cardiac cycles. Details of the angiocardiographic methods, hereafter abbreviated as angio, for calculation of volumes have been given by Dodge and associ-ates6' 17 fig. 3 ). The table 2B also contains EDV by the area-length method2 before correction for "Ctrapped"> volume. In addition, the measured and calculated transverse axes were compared.
Since the contrast medium was injected into the left ventricle at 300 psi or more, premature contractions were observed several times. As a consequence in 14 of the 63 patients, a variation in the R-R interval occurred during the period of biplane filming. To evaluate the effect of the arrhythmia on the volume determinations, this group was considered separately (table 1B) .
Because angiocardiographic methods measure total stroke output, which in regurgitant lesions is the sum of forward and regurgitant stroke volume, a direct comparison with the fiberoptic method which measures only the net forward stroke, in these instances, would have been misleading. Thus, in the 21 patients with regurgitant lesions, EDV formed the only parameter which could be compared between the two methodss, while in the remaining 42 patients all parameters were compared. The (figs. 4 and 5). A separate analysis was also carried out for EDV calculated by technique A (n = 22) or B (n = 49) and angio in patients whose heart rates differed 10 beats or less between determinations by dye dilution and angiocardiography. Through these separate analyses the effects of "optimal mixing" could be studied further. The usual statistical analysis was carried out on the various comparisons of EDV, FSV and EjF (figs. 6 and 7).
In an effort to increase the objectivity of this study, calculations of the data were, at first, carried out by three observers independently. In the initial stages of the study, angiocardiographic analysis by Arvidsson's technique was done by P.G.H., and the same films were analyzed by H.S. with the area-length method. Dye-dilution data calculated initially by H. W. were then compared to the angiocardiographic results. Subsequent analysis of the total data led to the selection of the area-length method, the power injection of indocyanine green, and those results which were obtained either in quick succession or at virtually similar heart rates. Most of the discussion will be concerned with these selected data. The coefficient describing the correlation between EDV by angio determined by Arvidsson (Arv) and the area-length method before correction for trapped volume is 0.968, EDVA-L = 0.817 EDVArV + 0.464 (in ml/m2). The mean difference is 19 ml/m2 but widens after the correction to 28.5 ml/m2 ( fig. 3 ).
Results
The average end-diastolic volume by method A (Luthy) was 116.9 ml, by method B ( End-diastolic volume by the fiberoptic method ranged from 31.0 to 478.5 mI/M2 (table 1). With the angiocardiographic area-length method, the range was similar, 26.3 to 421.5 ml/m2 in the same patients.
In the overall series of 63 patients, EDV by FO correlated well with EDV by angio (r =0.965, 95% confidence limits 0.93 <p < 0.98). The regression equation describing this relationship is EDVA = 0.97 EDVFO -10.7 (in ml/m2) ( fig. 4 ). Analysis of the 49 patients with heart rates differing 10 beats or less and without arrhythmia gave similar results (r = 0.969, EDVA = 0.97 EDVFO -12.4). Heart rates differed by more than 10 beats in 14 There is a consistently higher EiF by angio. The large concentration of points in the 0.600 to 0.800 range of EjF by angio reflects the fact that few patients with myocardial disease or congestive failure were studied.
The 41 observations were made in nonregurgitant lesions. (Also see table 1.) instances, and volumes calculated in these patients were chiefly responsible for the degree of scatter observed in the total series ( fig. 4 ).
When EDV determined by the two fiberoptic techniques (A and B) were compared, agreement was also good (r = 0.95), with an overestimation on average of EDV by method B (fig. 2 ). EDV by method A (Luthy, injection within one diastole) was significantly related to EDV by angio in 29 patients 6 ).
Separate analysis was carried out for those patients in whom heart rates differed by more than 10 beats during both determinations or in whom arrhythmia occurred during angio. These subjects showed greater scatter than the bulk of the patients studied as indicated on the illustrations. The statistical data showed slightly higher correlation when they were excluded, but the differences were not enough to limit the conclusions to the selected material only.
Discussion
Of the two methods most commonly used for the calculation of left ventricular volume by biplane angiocardiography in man, one is based on the direct measurement of chamber axes from the films (Arvidsson's method ) 4 and the other on calculated axes using the measured chamber area and the longest chamber length.2 6 In a recent review, Dodge and co-workers17 have presented good evidence that EDV may be accurately determined by the latter technique. Their conclusions are supported by data derived from postmortem hearts,2 21 the agreement with left ventricular stroke volume derived by other methods (Fick, dye dilution)6-8 in adult subjects without clinical evidence of valvular insufficiency, and from studies of models of the left ventricle carried out by D'Avila and Sanmarco.21 It was concluded, therefore, that calculations from angiocardiographic films by the area-length method could be used as an in vivo standard against which to compare the new indicator-dilution method.
In our laboratory, experience with over 300 angiocardiographic determinations of intracardiac volume had initially been obtained by the method of Arvidsson.4 Consequently, analysis of the relationship between Arvidsson's and the area-length method for EDV was carried out first. The results in the 47 patients on whom this analysis could be per-formed (table 2A and B) indicated that the use of Arvidsson's method resulted in an average overestimate of 22% in calculated LV volume when compared to the area-length method, thus confirming the previous contentions by Dodge and co-workers17 and D'Avila and Sanmarco21 concerning adult hearts ( fig.  3 ). This overestimation of volume was due in all cases to a consistently greater measurement of chamber diameters as compared to those calculated from the same films by the area-length method. It is significant, however, to note that a linear relationship existed between these two methods for calculated EDV (r=0.984). Similar results were calculated for ESV (r = 0.957) and FSV (r = 0.984). Thus, while the error in a given case is not inconsiderable, it appears to be a constant and systematic one.
It appeared then of interest to compare the results of EDV with both angiocardiographic methods against the results obtained by the fiberoptic method (table 2). It was found that the data derived by the arealength method were much more in agreement with those obtained by the fiberoptic method ( fig. 4 ) than with those from Arvidsson's technique. In fact, EDV calculated by fiberoptic technique A or B exceeded that by the arealength method by an average of 13% (106.3 versus 92.7 ml in 63 observations), while Arvidsson's method yielded results 20% greater than the values determined by the fiberoptic data. This difference is due to the fact that the average EDV by Arvidsson's method exceeded that by the area-length method by 28.5 ml/M2. The least difference between FO and angio was found when EDV by angio was left uncorrected for overestimation of volume from inclusion of trabeculae and papillary muscles.
While on the one hand this finding strengthens the opinion that the area-length method is the most accurate in the analysis of angiocardiographic volumes, it also indicates that the fiberoptic technique is a much more appropriate indicator-dilution method than results with thermodilution had earlier suggested. [9] [10] [11] [12] [13] 19 In fact, considering the arealength angio method as standard, the fiber-Circulation, Volume XXXVII, April 1968 502 DETERMINATION OF LEFT VENTRICULAR VOLUME optic technique is the first indicator-dilution method to give results in such close agreement '8' 19 (figs. 4 and 5) . The comparison is particularly close when heart rates are similar. This conclusion is in direct contradiction with the results obtained by Carlton and co-workers'8 in 18 experiments in six dogs. Their group found overestimations of 52 and 91%, respectively, for EDV and ESV and went so far as to say that indicator-dilution methods have no place in the determination of intracardiac volume. This conclusion is diametrically opposite that reached by Holt in his extensive experience.'4 The degree of correspondence between both methods found in our series (r -0.965) although higher than that reported by Bartle and Sanmarco'9 was also found by Salgado and Gallettil5 in their model studies. Thus, the sweeping conclusions by Carlton and associates from studies in dogs now are also contradicted by these results in humans.
The reasons for these differences may reside in the species and the age or diseases of the individuals studied or in the characteristics of the instrumentation and techniques utilized. In this respect, the application of fiberoptics to the study of instantaneous changes in indicator concentration holds particular promise. This may be ascribed to these factors: (1) the instrumentation is very stable, is calibrated with ease, and provides a more adequate response time for this application (95% of the response is reached in less than 0.1 sec), (2) the same curve from which cardiac output is determined permits the calculation of the wash-out fraction ( fig. 1 ) so that the variations in FSV are minimized, and (3) the indicator utilized is indocyanine green, a colorimetric substance not suffering from loss to surrounding tissues, such as may occur with heat in the thermodilution techniques. In fact, difficulties in calibrating thermodilution systems have led several authors,9' 13 to employ the Fick principle for the determination of cardiac output. Their utilization of ejection fraction with nonsimultaneous determination of forward stroke volume and our observations of frequent varia-Circulation, Volume XXXVII, April 1968 tions within short intervals in stroke volume and heart rate during cardiac catheterization (figs. 8 and 9) lead us to believe that errors incurred by this practice may be a part of the explanation for the observed discrepancies. Loss of heat during injection via the injecting catheter wall and, after the mixing, from the blood to the ventricular walls surrounding the end-diastolic volume may be an even more important factor. These possible errors have been discussed by Bartle and Sanmarco19 and Salgado and Gallettil5 in their excellent studies on the thermodilution principle in dogs and models. In contrast, no indocyanine green is "lost" to surrounding myocardial structures before it passes the sensing element. A further factor may be the difficulty in determining the fraction Cnc±+, Cn from thermodilution or polarographic curves.
Inspection of some published data using these techniques demonstrates a downward sloping of the steps on the descending limb of the cardiac output curve. Consequently, it appears difficult to select from these curves the proper point in diastole for the calculation of the fraction Cc+ 1 In contrast, such apparent Cn changes in the concentration of the indicator during diastole were not observed in our series except in the presence of aortic regurgitation. 22 Indeed, variance from the characteristic horizontal plateau of indicator from the beginning of systole to the end of diastole has been utilized in the assessment of aortic regurgitation since the slope of the deviation from the horizontal plateau was found to be directly related to the amount of regurgitation. 16' 22 Holt14 has recently summarized the critical problems affecting the ejection fraction as those related to (1) the method of injection of the indicator, (2) the dynamic response time of the system employed, and (3) the degree of mixing achieved. Since evidence exists that at comparable heart rates, FO stroke volumes after PA or LV injection are identical,8 and that stroke volumes by angio and FO are similar, the calculation of 503 SV per se does not appear to be the major cause for difference between the systems utilized.2 (i-8 Next, the dynamic response time of the system appears very adequate. Thus, of the three factors mentioned, the degree of mixing is the remaining source of contention affecting the measurement of the ejection fraction.
Ideally for the determination of EDV, 15 20 the entire amount of indicator should be mixed in a given diastolic period in the left ventricle or, if incompletely mixed in the first diastolic period, no further indicator should be added during subsequent cycles.14 Two methods have evolved from these concepts, one advocated by Luthy20 (technique A) which assumes complete mixing in one diastolic period, and thus makes the calcula-Q tion of EDV possible as the fraction C, while the other advocated by Holt14 (technique B) assumes constant mixing in subsequent steps and utilizes the fraction Cn+1 ( fig. 1 ). Our adherence to a protocol employing a side-hole catheter in the midcavity of the left ventricle and, with technique A, the injection of the bolus under pressure precisely within the second two thirds of the diastolic filling period avoiding excessive amounts of "flushing"' volume appear to fulfill most of the requirements for optimal mixing. In fact, angiographic analysis of sudden injection of small amounts of Renovist in some of our cases has shown complete mixing throughout the cavity, provided the timing of the injection was within diastole. In contrast to some published illustrations showing a rising concentration of indicator on the ascending portion of the wash-out curve,'8 the maximal concentration of indicator in our series was reached in the first beat after injection ( fig.  iB ). Yet, the finding that over a wide range of volumes (47 to 375 ml) methods A and B agreed well (r = 0.950; r =0.978 after power injection, average by method A 116.9 ml, method B 118.2 ml) ( fig. 2 ) with an insignificant difference between the results and the fact that both methods gave similar agreement with the angio volumes (figs. 4 and 5) indicates that, even with method B, mixing is about as effective as it is under the "optimal" conditions of method A.
Although the numbers are small (n -29), the marked decrease in variance in the results by method A would still suggest that it is the technique to be preferred despite the relatively more complex manner of injection ( fig. 5 ). These conclusions are in keeping with the results by Salgado and Galletti15 who showed in their model that when a "spray nozzle" catheter was used with forced injection over a short period of time, measurements of stroke volume and end-diastolic volume over a range of 60 to 300 ml gave no systematic error when compared to known volumes. They also found a standard deviation for EDV of 11%. While they emphasized the advantages of Luthy's method, since it proves to be applicable to patients with mitral valve regurgitation, they also found no major differences with Holt's method. The findings in five of our patients with mitral regurgitation Figure 8 Observations in a patient with ASD and complete heart block. Intracardiac pacing at gradually faster rates led to lower SV (from 58.7 to 20.7 ml) and parn passu smaller EDV (from 120.7 to 52.2 ml). This is an example of the lack of inotropic influences associated with simple pacing. In fact, the increase in heart rate was associated with a slight worsening of the ejected fraction. (Also see The suggestion by Swan and Beck23 that additional mixing would occur in the ascending aorta with the volume remaining there from the previous beat does not seem to apply, as no consistent rise in the indicator concentration was observed from systole to diastole in most of the curves. If, in fact, aortic root volume were added to the LV volume, a late rise in concentration should consistently have been observed in the steps occurring on the downslope of the curve. An instance to which
their suggestion may apply is shown in figure IB, where the dye concentration during systole is a few millimeters lower than during diastole. This phenomenon is not like the gradual upward slope in aortic regurgitation described earlier.22 Such periodic differences between the concentration in systole and diastole may indeed reflect admixture by aortic blood during diastole. However, the constant relationship between these concentrations explains the lack of influence of this factor on the correlation with EDV by angio.
The effect of heart rate on the accuracy of measurement of EjF and EDV was also investigated. Salgado Serial observations on stroke volume and end-diastolic volume during exercise in a patient (case 30, On the other side of this problem lies the accuracy with which the EDV, ESV, and consequently the ejection fractions are determined by the angio method. While the postmortem studies by Dodge and others2 and by D'Avila and Sanmarco2' have shown that the determination of EDV per se may be carried out with great accuracy, ejection fraction may well be too high because of the underestimation of ESV. Not only are the boundaries of the chamber in end systole less clear, even in films obtained with optimal technique, but recent work particularly by D'Avila and Sanmarco21 and Levinson and co-workers24 has indicated that injection of the contrast medium, even before it subsequently exerts its profound effect from its hyperosmolality,25 may have an inotropic effect on the myocardium. Specific studies by Hallermann and asso-ciates26 and unpublished data derived by external strain gauges by Sanmarco (personal communication) have shown an increase in EDV and EjF of up to 15% immediately during direct injection of contrast medium into the left ventricle. This effect of increasing the afterload must play a significant role particularly in the young patients with congenital aortic stenosis and in patients with other lesions with normal or smaller than normal end-diastolic volume and increased muscle mass. Lesser effects would be expected in larger ventricular cavities. The highest ejection fractions were, in fact, observed in the group with aortic stenosis suggesting that sudden increases in afterload, particularly in small cavities, yield an abnormally small ESV and consequently high EjF. At the Ames Research Laboratory one of us (Sandler) has been unable to attribute any effect to sudden hypervolemia after injection in dog's ventricles. It is likely, nevertheless, that both factors may lead to a slight underestimation of ESV, the former as an error in measurement, and the latter as a higher than average rate of ejection as a result of the augmented afterload. If the afterload factor were significant a constant overestimate of stroke volume by angio should have been observed. Indeed, Circulation, Volume XXXVII, April 1968 Figure 10 Simultaneously recorded FO curve and angiocardiogram in case 37 (table 1A) . Even now the EjF by FO is lower than that by angio, and calculated EDV exceeds that by angio to the same extent as that calculated for the entire series of observations. the results for SV from the present series confirm this ( fig. 7) showing in 41 observations an excess of 4% for stroke volume determined by angio.
In summarizing these observations, it appears that a combination of factors affect the determination of EDV or ESV by these different methods. The most important factor appears to be the incomplete mixing of the indocyanine-green indicator in the left ventricular cavity with the FO method, even with optimal injection techniques. A lesser factor in patients with normal aortic roots is the variable degree of admixture of aortic root blood. Both factors lead to a small but constant overestimate of EDV by the FO method. Since stroke volume is correctly measured,8 EjF by FO would be falsely low. Of near equal importance must be the two factors leading to underestimation of ESV by angio. This in turn will result in an overestimate of the angiocardiographically determined ejection fraction. It is possible that each of the four factors contributes to a different degree in specific lesions. In order to exclude a fifth factor, namely that of time difference between the FO and angio de-Circulation, Volume XXXVII, April 1968 terminations, in a small series of 10 patients, ejection fractions were determined by means of fiberoptic recording of indocyanine green loaded in the catheter carrying the contrast material for angiocardiography. Yet, the same differences were observed ( fig. 10 ). That is to say, during truly simultaneous determinations, the ejection fractions by angio exceeded those by fiberoptic to an extent identical to that calculated for the entire series. Since no further definition or correction of the four factors just delineated could be achieved in this clinical material, a set of regression equations was developed to make both methods interchangeable.
These considerations offer no ready explanation for the much larger discrepancies reported in the literature between ejection fractions obtained by the thermodilution method and the angiocardiographic method. 19 It should be pointed out that in the present study a novel indicator-dilution method was applied in predominantly young patients. Yet the fiberoptic and angiocardiographic methods were evaluated in the same individuals. Thus the degree of correspondence and the constancy in the observed variance in this material, analyzed during diagnostic catheterizations, indicate that the fiberoptic indicatordilution technique is closely comparable and freely interchangeable with the accepted angiocardiographic method. It cannot replace the latter but should prove to be a valuable complementary technique to the angiocardiographic technique, particularly on serial observations of intracardiac volumes and cardiac function.
